constricted lung parenchymal strips from hyperoxic pups exhibited significantly reduced relaxation compared to room air controls. Supplementation of L -arginine or arginase blockade restored hyperoxia-induced impairment of relaxation. Expression of arginase I in airway epithelium was increased in response to hyperoxia but reduced by arginase blockade. Arginase activity was also significantly increased in hyperoxic lungs as compared to room air controls and reduced following arginase blockade. EFS-induced production of NO was decreased in hyperoxia-exposed airway smooth muscle and restored by arginase blockade. Conclusion: These data suggest that NO-cGMP signaling is disrupted in neonatal rat pups exposed to even moderate hyperoxia due to increased arginase activity and consequent decreased bioavailability of the substrate L -arginine. We speculate that supplementation of arginine and/or inhibition of arginase may be a useful therapeutic tool to prevent or treat neonatal lung injury.
Introduction
Bronchopulmonary dysplasia (BPD) is a substantial clinical problem in the preterm survivors of neonatal intensive care [1] . It is widely accepted that exposure to supplemental O 2 contributes to neonatal lung injury. A consistent observation is that former preterm infants are at increased risk for reduced airway function and/or increased airway reactivity during childhood. The severity of this complication increases in preterm infants with a history of BPD [2, 3] . While BPD is likely multifactorial in origin, several studies, including our own, have focused on the effect of neonatal hyperoxia on airway structure and function [4] [5] [6] [7] . Under both in vitro and in vivo conditions, increased constrictor responses of tracheal tissue and increased lung resistance have been demonstrated in rat pups exposed to 6 95% O 2 [4] [5] [6] , consistent with the clinical course of survivors of BPD. BPD is associated with pathophysiologic changes in the lung parenchyma, likely implicating peripheral airway structures [1] and providing a rationale for the use of lung parenchymal strips to assess distal airway contractile and relaxant properties. Increased contractile responses are associated with decreased airway and lung tissue relaxant responses, suggesting that the balance of contraction versus relaxation of airway structures is shifted in response to 6 95% O 2 exposure [8] [9] [10] . The hyperoxia-induced contractile response was not observed when epithelium was removed from airways, suggesting a critical role of epithelium in hyperoxia-induced injury [10] .
A major component of bronchodilation is nitric oxide (NO) derived from multiple sources including the epithelium and nonadrenergic noncholinergic innervations [11] . Impaired bronchodilation may reflect alterations in NO production or its subsequent effects on the airway. Inhalation of exogenous NO has been shown to restore distal lung growth in infant rats after neonatal hyperoxia [12] . In this regard, it is well established that the substrate for NO, L -arginine, can be metabolized by two major enzymes, NO synthase (NOS) and arginase, the latter of which is part of the urea cycle [13] . Thus, changes in the relative expression or activity of arginase versus NOS may alter the bioavailability of L -arginine for these enzymes and determine NO production. Hyperoxic exposure has been shown to increase arginase activity in the lung [14] . We have previously demonstrated that 6 95% O 2 exposure of rat pups increases lung arginase activity; in turn, arginase competes with NOS for their common substrate L -arginine and decreases the bioavailability of L -arginine. This may disrupt NO-cyclic guanosine monophosphate (cGMP) signaling and result in impaired airway relaxation [8] . These studies are consistent with a modulatory effect of NO on airway smooth muscle relaxation that is lost after hyperoxic exposure [5, 6, 15] . Prior data in a guinea pig model demonstrated that the expression of arginase was closely associated with airway NO depletion [16] . Decreased arginine bioavailability has been shown to be associated with increased arginase activity in asthma [17, 18] , and blockade of arginase has been demonstrated to inhibit experimental asthma in animal models [19] [20] [21] . These studies encouraged us to explore the possibility that in vivo L -arginine supplementation or in vivo arginase blockade would protect neonatal lungs from hyperoxia-induced hyperreactivity.
In the clinical setting, prolonged exposure of neonates to moderate (e.g. 50%) O 2 is a common occurrence, in contrast to 6 95% O 2 exposure, which is uncommon for an extended period. Moderate elevation of inspired oxygen in rat pups induces a BPD-like lung morphology and hyperresponsiveness of tracheal rings and pulmonary arteries [4] . However, in these studies the relaxant properties of lung or airway structures were not investigated. Therefore, we sought to determine the effects of moderate hyperoxic exposure (50% O 2 ) on lung parenchymal relaxant responses, arginase expression and resultant NO production. We subsequently sought to restore the relaxant responses of lung parenchyma by supplementing rat pups with L -arginine in vivo and providing in vivo blockade of arginase to restore the relaxant responses of lung parenchyma.
Materials and Methods

Animals and Lung Parenchymal Strip Preparation
Experiments were performed in 7-day-old rat pups (SpragueDawley) employing protocols approved by the Institutional Animal Care and Use Committee of Case Western Reserve University, Cleveland, Ohio, USA. From the first day of life, the rat pups were exposed to hyperoxia (50% O 2 ) or room air for a period of 7 days. Rat pups from two different litters were randomly mixed and assigned to hyperoxic or room air groups on day 1. Hyperoxic groups were housed with their mothers in a Plexiglas chamber (38 liters) and exposed to a continuous flow of 50% O 2 (2 liters/ min) for 7 days. Mothers were rotated each day between room air and hyperoxic groups to protect them from a constant hyperoxic exposure. In additional groups of room air-or hyperoxia-exposed pups, subsets from each group were injected intraperitoneally each day with either normal saline, L -arginine (300 mg/kg) or N -hydroxy-nor-arginine (nor-NOHA; 30 mg/kg) for arginase blockade. After 7 days, the animals were euthanized by asphyxiation using CO 2 . We chose a daily L -arginine dose of 300 mg/kg for 7 days in order to maintain an optimal level of substrate for NOS. This dose has been used previously by other investigators in different animal studies [22, 23] and no toxicity has been reported. Similarly, to maintain a steady plasma level of nor-NOHA, we used 30 mg/kg/day for 7 days to block arginase activity. This dose was selected based on other rodent studies [24, 25] .
Physiological Studies
Lung parenchymal strips of 1-mm thickness were obtained by sectioning the left lung in a parasagittal plane using a vibratome. Strips were anchored in a tissue bath and connected to a force displacement transducer (FT 03C; Grass Instruments Co.). The tissue bath was filled with Krebs-Henseleit solution maintained at 37 ° C and continuously oxygenated with a gas mixer (95% O 2 and 5% CO 2 ) [8, 9] . An initial load of 0.2 g was used. The suspended lung parenchymal strips were rinsed every 20 min with Krebs-Henseleit solution and allowed to equilibrate for 60 min to establish a steady baseline. Lung parenchymal strip tension was recorded by Power Lab/4SP using Chart 5.0 Software (AD Instruments). A cumulative concentration-response curve was obtained to find an optimal concentration of bethanechol (10 -4 M ) that elicited 50-75% of the maximal contractile response in lung parenchymal strips. Electrical field stimulation (EFS) was applied through platinum wire electrodes to preconstricted lung parenchymal strips at various voltages (5-50 V AC at 60 Hz) for 10 s at 2-min intervals to induce relaxation. The relaxation of strips in response to EFS was expressed as a percentage of the total preconstricted state for each strip as previously described by our group [8, 9] .
Immunostaining and Histology
After 7 days of exposure to hyperoxia or room air, animals were anesthetized using a ketamine-xylazine cocktail and perfused through the right ventricle with phosphate-buffered saline (PBS; pH 7.4) containing 10 U/ml heparin followed by 4% paraformaldehyde in PBS (pH 7.4). The airways of lungs were inflated with 4% paraformaldehyde at 12 cm H 2 O, tied and removed for 24-hour postfixation. Lungs were then cryoprotected in 30% sucrose in PBS, and 10-m coronal sections were cut. The sections were washed in PBS and incubated for 30 min in PBS containing 0.3% Triton X-100. To block nonspecific binding sites, the sections were incubated for 1 h with 5% normal goat serum for arginase I and ␣ -smooth muscle actin and 5% normal donkey serum for arginase II. After a further wash with PBS, the sections were incubated overnight at 4 ° C in mouse anti-arginase I (1: 200; BD Transduction Laboratory), mouse anti-␣ -smooth muscle actin (Sigma Chemical Co.) or rabbit anti-arginase II antibodies (Santa Cruz Biotechnology). The sections were washed in PBS-Triton X-100 and incubated with secondary antibody (1: 200; goat anti-mouse-FITC for arginase I and ␣ -smooth muscle actin or donkey antirabbit-RITC for arginase II). Airways were identified by immunostaining with anti-tubulin IV antibody, which detects ciliated airway epithelial cells. Airway smooth muscle was stained with ␣ -smooth muscle actin. Sections were mounted using antifade mounting medium and examined under a fluorescent microscope. Hematoxylin and eosin staining and ␣ -smooth muscle actin immunostaining were performed on 4-m-thick adjacent paraffin sections.
Arginase Assay
Lungs of rat pups were removed and snap frozen in liquid nitrogen. Arginase activity in lung tissue was measured by the method of Jenkinson and Grigor [26] as described in our previous publications [8, 9] . In brief, an arginase assay was performed in lung homogenates in the presence of L -arginine, and urea as the end product was measured using a urea standard curve. Baseline urea concentration in each sample was also measured in samples without L -arginine. The protein content of tissue samples was measured, and arginase activity was expressed as nanomoles of urea per minute per milligram of protein.
In situ Measurement of NO Production in Airway
Smooth Muscle NO production in airway smooth muscle was measured using the NO-sensitive fluorescent dye 4,5-diaminofluorescein diacetate (DAF-2DA; Invitrogen) as described previously [27] . Briefly, lung strips (100 m) were incubated with 10 M DAF-2DA at 37 ° C for 45 min and then thoroughly rinsed. Using a Nikon Diaphot microscope ( ! 40/1.3 numerical aperture oil immersion lens, 12-bit cooled CCD camera, MetaFluor Software; Universal Imaging, Downington, Pa., USA), airways within DAF-2DA-loaded strips were identified by bright-field imaging and the smooth muscle layer was delineated. The DAF-2DA was then visualized (488 nm excitation, 515 nm emission) within the airway smooth muscle as an index of baseline NO levels. Graded incremental EFS (2-50 V) was applied to the lung strips (as described above). Following the final EFS protocol, DAF-2DA fluorescence intensity was re-evaluated by epifluorescence microscopy. The net NO produced due to EFS was estimated as the difference from baseline (arbitrary units) and is presented as the mean 8 SEM (n = 3). In a recent study [27] , we calibrated DAF-2DA fluorescence to estimate actual NO levels and found that amplitudes similar to those reported here correspond to 10-50 n M NO, which is within the physiological range.
Statistical Analysis
The results are expressed as means 8 SEM. Statistical significance was determined by two-way ANOVA with repeated measurements to determine the effect of EFS on relaxation responses between hyperoxic versus room air groups. To analyze differences between individual voltages, post hoc comparison using the Tukey-Kramer multiple comparison test was performed. For arginase activity, one-way ANOVA followed by post hoc comparison using the Tukey test was performed. p ! 0.05 was considered statistically significant.
Results
Effect of in vivo L -Arginine Supplementation on Relaxation of Lung Parenchymal Strips
As shown in figure 1 , greater relaxation was observed in lung parenchymal strips from room air (n = 18) versus hyperoxic (n = 12) pups (p ! 0.01). There was a significantly greater impairment of relaxation with EFS of 45 and 50 V (both p ! 0.01) in hyperoxic versus room air rat pups. The changes at 5-40 V were not significantly different. In vivo L -arginine supplementation to hyperoxic pups (n = 12) restored the impaired relaxation of Effect of in vivo L -arginine supplementation on relaxation of lung parenchymal strips. Impaired relaxation of lung parenchymal strips in response to EFS was observed in rat pups exposed to moderate hyperoxia for 7 days when compared to room air controls (p ! 0.01). There was significantly impaired relaxation with EFS of 45 and 50 V (both p ! 0.01) in hyperoxic versus room air rat pups. In vivo supplementation of L -arginine (300 mg/kg/day) for 7 days restored the impairment of relaxation in hyperoxic pups to the room air level. RA = Room air. lung strips to their room air level ( fig. 1 ). This effect of L -arginine was significant at 45 and 50 V (both p ! 0.01) when arginine-supplemented hyperoxic pups were compared to pups exposed to hyperoxia alone. In room air animals, L -arginine supplementation in vivo (n = 6) did not change the relaxation responses to EFS in preconstricted strips from room air-exposed controls. D -Arginine, a metabolically inactive isoform of L -arginine, also did not induce any significant changes when given to room air pups (data not shown).
Effect of in vivo Blockade of Arginase on Relaxation of Lung Parenchymal Strips
Arginase blockade using nor-NOHA was used to determine whether this may enhance the availability of Larginine for NOS thus resulting in improved EFS-induced relaxation responses of hyperoxia-exposed lungs. As noted above, hyperoxia impaired relaxation in preconstricted strips when compared to room air controls. EFS-induced relaxation was significantly increased in hyperoxia-exposed pups after arginase blockade when compared to pups exposed to hyperoxia alone (n = 10; p ! 0.01). The nor-NOHA administration in vivo not only restored the impaired relaxation of hyperoxia-exposed lung strips to the room air level but actually enhanced relaxation above that of room air controls, which was significant at 45 and 50 V (both p ! 0. 01; fig. 2 ). When nor-NOHA was administered to room air animals (n = 6), it had no significant effect on the EFS-induced relaxation of lung strips ( fig. 2 ) .
Effect of Supplementation of L -Arginine or Administration of nor-NOHA on Lung Arginase Expression and Histology
The arginase I isoform was found to be expressed in the airway epithelial layer of room air-exposed animals via immunostaining. Moderate hyperoxic exposure increased the expression of arginase I in the epithelial lining of airways. Representative data from 1 of 5 pups are shown in figure 3 . L -Arginine supplementation of hyperoxia-exposed pups restored the expression of arginase I in airway epithelial cells to the room air level. Interestingly, the expression of epithelial arginase I was reduced below the room air level in nor-NOHA-treated hyperoxia-exposed animals. The arginase II isoform was not expressed in airways but showed generalized expression in parenchymal tissue including the endothelial lining of blood vessels ( fig. 4 ) . Hyperoxic exposure also increased the expression of arginase II in blood vessels, which was restored to the room air level by the in vivo supplementation of L -arginine or by in vivo blockade of arginase by nor-NOHA. Moderate hyperoxia did not produce any measurable structural changes in airways and lung parenchyma. This is demonstrated in figure 5 , which is representative of the histologic data collected in 5 pups. Furthermore, supplementation of L -arginine or administration of nor-NOHA to hyperoxic pups also did not produce any observable changes in airway and lung architecture ( fig. 5 ) .
Effect of Supplementation of L -Arginine and nor-NOHA on Arginase Activity of Lung
We sought to determine whether increased arginase expression in airway epithelial cells was associated with increased arginase activity in whole lung of hyperoxiaexposed pups. Arginase activity was measured in wholelung homogenates (n = 5 per group). Moderate hyperoxic exposure caused an overall increase in arginase activity in hyperoxic lungs as compared to room air-exposed lungs (p ! 0.05; fig. 6 ). Supplementation of L -arginine to hyperoxic animals did not significantly change arginase activity when compared to hyperoxia alone. Administration of nor-NOHA to hyperoxic animals decreased lung arginase activity; however, the values remained higher than room air levels.
Effect of Supplementation of L -Arginine and nor-NOHA on NO Production in the Airway
Smooth Muscle Layer NO production in response to EFS (n = 3 per group) was reduced in the airway smooth muscle layer of lung strips obtained from hyperoxic animals (p ! 0.05). Supplementation of L -arginine and arginase blockade had no effect on NO production in airway smooth muscle of room air-exposed animals. However, in hyperoxic animals L -arginine supplementation partially restored NO production, and arginase blockade completely restored NO production in airway smooth muscle (p ! 0.05; fig. 7 ).
Discussion
BPD is a substantial clinical problem in the preterm survivors of neonatal intensive care [1] , and increased airway reactivity is a well-recognized complication in this high-risk population [3] . The pathophysiology of BPD comprises a combination of factors including inflammatory injury, mechanical ventilation and a high concentration of inspired oxygen superimposed on an immature lung. Commonly, 6 95% O 2 exposure has been used in experimental animals to produce a BPD-like developmental model [8] [9] [10] . However, in the clinical setting, sustained exposure frequently involves a lower concentration of oxygen (e.g. 40-60%), which has also been shown to induce hyperresponsiveness and airway inflammation in a rat model [28] . Accordingly, in this study, we used a more clinically relevant concentration of 50% O 2 . We hypothesized that 50% O 2 exposure to immature lungs would impair airway smooth muscle relaxant responses, contributing to the increased airway reactivity that is a consequence of neonatal lung injury.
Our results demonstrate that 7-day exposure of newborn rat pups to 50% oxygen did not produce any measurable structural changes in airways or in lung parenchyma; however, it did cause a significant impairment of EFS-induced relaxation of preconstricted lung strips. These data are consistent with our previous studies using 6 95% O 2 ; in those studies, we demonstrated that expo- The arginase II isoform was not expressed in the airway epithelial layer of room airor hyperoxia-exposed animals. It was expressed in the endothelial lining of blood vessels (arrows), and its expression was increased by hyperoxic exposure. Both L -arginine supplementation and administration of nor-NOHA to hyperoxia-exposed pups reduced arginase II expression. ␤ -Tubulin IV is expressed in ciliated cells of airway epithelium and was used to identify airway structures. A = Airway; B = blood vessel. Bar = 75 m.
sure to hyperoxia impairs relaxation of tracheal smooth muscle [5] as well as lung parenchymal strips [8, 9] , potentially via impairment of NO-cGMP signaling. In one of our previous studies [8] , we also demonstrated that neonatal exposure to 6 95% O 2 in rat pups increases arginase activity, which, in turn, may decrease the bioavailability of L -arginine for NO-cGMP signaling, resulting in airway hyperreactivity and impaired relaxation of lung parenchymal tissue. As NO is produced from L -arginine via NOS [13] , the bioavailability of L -arginine, a common substrate for both NOS and arginase, may play a key role in the production of NO. We therefore sought to determine whether in vivo intraperitoneal administration of exogenous L -arginine to hyperoxic animals can restore NO production and hyperoxia-induced impairment of airway smooth muscle relaxation to room air levels by increasing the bioavailability of L -arginine for NO-cGMP signaling. In order to maintain an optimal level of sub- a substrate or an inhibitor of NOS activity when compared to NOHA [29] . Thus, the possibility of increased NO production due to mechanisms other than arginase inhibition is unlikely in our study. Consistent with our physiologic data, inhibition of arginase activity by nor-NOHA in hyperoxic animals restored NO production in airway smooth muscle. Interestingly, nor-NOHA not only reversed the impaired relaxation but it relaxed the hyperoxia-exposed parenchymal strips more than the room air control strips. This observation and immunostaining data suggest that nor-NOHA decreased arginase activity in airway compartments of hyperoxia-exposed animals below baseline. In contrast to our immunostaining and physiologic data, NO production was restored and did not exceed room air levels after arginase inhibition in hyperoxia-exposed pups. Therefore, an alternative mechanism such as downstream cGMP signaling might be implicated in this enhanced response to arginase inhistrate for NOS, we injected 300 mg/kg L -arginine daily for 7 days. This dose did not exhibit any apparent toxicity in other studies [22, 23] . We also did not observe any adverse affects of L -arginine supplementation on feeding or other behavior or any other obvious symptoms of stress in these rat pups. Consistent with our hypothesis, this protocol of daily in vivo supplementation of L -arginine was able to partially restore both NO production and lung strip relaxation in pups exposed to moderate hyperoxia. We sought to determine whether in vivo arginase inhibition may serve as an alternative approach to restore airway relaxation via NO-cGMP signaling in hyperoxia-exposed pups. We used 30 mg/kg/day nor-NOHA to block arginase activity based on other rodent studies [24, 25] . We chose to utilize nor-NOHA because it has a low median inhibition concentration (low clearance rate from the lung) and it does not directly interact as either Effect of moderate hyperoxia (50% O 2 ) on arginase activity of the lung. In hyperoxic lungs, arginase activity was significantly increased (p ! 0.05) as compared to room air-exposed lungs (n = 5 per group). Supplementation of L -arginine in hyperoxic animals (n = 5) did not significantly change arginase activity when compared to hyperoxia alone, and it remained significantly higher compared to room air controls (p ! 0.05). The administration of nor-NOHA to hyperoxic animals reduced the arginase activity; however, the values remained higher than room air levels. Data expressed as means 8 SE. Effect of moderate hyperoxia (50% oxygen) on EFS-induced NO production in airway smooth muscle. EFS-induced NO production was decreased in airway smooth muscle of lung strips from hyperoxic pups as compared to lung strips from room airexposed pups (n = 3 per group; p ! 0.05). Supplementation of Larginine and arginase blockade had no effect on NO production in room air-exposed animals. In hyperoxic animals, L -arginine supplementation appeared to partially restore NO production in airway smooth muscle. Arginase blockade completely restored NO production in airway smooth muscle (n = 3; p ! 0.05). Data expressed as means 8 SE .
bition. Another possibility is that in room air-exposed animals, L -arginine may be present in abundance and thus may not be a limiting substrate for NOS in the production of NO. However, in hyperoxic animals, due to increased arginase activity the L -arginine is reduced and probably became a limiting substrate. Therefore, any increase in L -arginine content due to inhibition of arginase activity may have a profound effect on NO production after hyperoxic exposure. Arginase I was expressed in airway epithelial cells and was increased in the hyperoxic lungs. Expression of arginase I in the hyperoxic group was restored to room air levels by L -arginine supplementation, which correlated with our physiologic data. We propose that this normalization of relaxation of lung parenchyma is due to increased production of NO by supplemental L -arginine in the hyperoxic animals. This is consistent with our results that show that NO production was reduced in airway smooth muscle of hyperoxia-exposed lungs and restored by nor-NOHA administration. The observed enhancement of relaxation in hyperoxia-exposed lung parenchyma in response to EFS after administration of nor-NOHA is supported by immunostaining data, according to which nor-NOHA reduced the expression of arginase I in alveolar epithelium below baseline room air levels. Arginase II may not play a direct role in airway relaxation in our model due to its absence in airway epithelium.
We have also demonstrated that moderate hyperoxic exposure increases arginase activity. Lung arginase activity remained elevated in L -arginine-supplemented hyperoxic animals, which was contrary to the physiologic data and also contrary to the restoration of arginase expression to room air levels as observed in epithelial cells. This suggests that the total arginase activity of lung homogenate may include circulating plasma arginase isoforms and cannot be correlated with the relaxant responses of lung parenchyma. Reduction in the expression of arginase I after arginine supplementation could reflect the metabolism of L -arginine toward NOS production in a compartmentalized pool of airway epithelial cells which is not reflected in lung tissue as a whole [17] . We cannot exclude other mechanisms that might decrease NO production due to uncoupling of NOS or decreased levels of tetrahydrobiopterin as a result of its increased reactive oxygen-dependent consumption with a resultant reduction in NOS activity [30] . We do recognize that lung parenchymal strips contain various anatomic constituents including alveolar, bronchial and blood vessel walls as well as connective and interstitial cells with varying contractile properties. However, rodent parenchymal strips provide a useful model to measure actual tissue mechanical properties, and our prior experiments [8, 9] demonstrate that this preparation can be utilized under wellcontrolled conditions in the absence of circulating elements and centrally mediated neuronal components. Future studies might employ isolated peripheral airways, although this is a challenge given the small size of rat pups.
Our animal model has proven quite successful to characterize the role of modest hyperoxic exposure in enhancing airway reactivity via downregulation of a functional NO-mediated signaling pathway. We recognize that this model cannot precisely simulate the multifactorial contributors to BPD [1] . Our observation that the lung parenchymal structures in this model appeared histologically relatively intact may also be a factor that differentiates it from BPD, although human histologic data from subjects with milder degrees of BPD are largely unavailable. More importantly, our rat pup model provides a potential mechanism for characterizing the increased airway reactivity observed in preterm infants with neonatal lung injury.
In conclusion, 7-day exposure of newborn rat pups to moderate hyperoxia impairs the relaxant responses of lung parenchyma and increases arginase I expression in airway epithelial cells. The resultant increase in arginase activity results in a reduction in the bioavailability of Larginine for NOS, which, in turn, results in impaired NO production and impaired NO-cGMP signaling. We have recently documented that inhalation of exogenous NO in preterm infants at risk for BPD decreases the need for bronchodilator therapy at 1 year of age [31] . Supplementation of L -arginine or blockade of arginase may provide alternative approaches to enhance endogenous NO production and restore impaired relaxant responses in preterm infants at risk for increased airway reactivity.
